Valence and dipole-bound negative ions of the nitroethane ͑NE͒ molecule and its clusters are studied using photoelectron spectroscopy ͑PES͒, Rydberg electron transfer ͑RET͒ techniques, and ab initio methods. Valence adiabatic electron affinities ͑EA a s͒ of NE, C 2 H 5 NO 2 , and its clusters, ͑C 2 H 5 NO 2 ͒ n , n =2-5, are estimated using vibrationally unresolved PES to be 0.3Ϯ 0.2 eV ͑n =1͒, 0.9Ϯ 0.2 eV ͑n =2͒, 1.5Ϯ 0.2 eV ͑n =3͒, 1.9Ϯ 0.2 eV ͑n =4͒, and 2.1Ϯ 0.2 eV ͑n =5͒. These energies were then used to determine stepwise anion-neutral solvation energies and compared with previous literature values. Vertical detachment energies for ͑C 2 H 5 NO 2 ͒ n − were also measured to be 0.92Ϯ 0.10 eV ͑n =1͒, 1.63Ϯ 0.10 eV ͑n =2͒, 2.04Ϯ 0.10 eV ͑n =3͒, and 2.3Ϯ 0.1 eV ͑n =4͒. RET experiments show that Rydberg electrons can be attached to NE both as dipole-bound and valence bound anion states. The results are similar to those found for nitromethane ͑NM͒, where it was argued that the diffuse dipole state act as a "doorway state" to the more tightly bound valence anion. Using previous models for relating the maximum in the RET dependence of the Rydberg effective principle number n max * , the dipole-bound electron affinity is predicted to be ϳ25 meV. However, a close examination of the RET cross section data for NE and a re-examination of such data for NM finds a much broader dependence on n * than is seen for RET in conventional dipole bound states and, more importantly, a pronounced ᐉ dependence is found in n max * ͑n max * increases with ᐉ͒. Ab initio calculations agree well with the experimental results apart from the vertical electron affinity value associated with the dipole bound state which is predicted to be 8 meV. Moreover, the calculations help to visualize the dramatic difference in the distributions of the excess electron for dipole-bound and valence states, and suggest that NE clusters form only anions where the excess electron localizes on a single monomer.
I. INTRODUCTION
Nitroethane is a colorless oily liquid at standard temperature and pressure, and it is utilized in a variety of applications ͑fuel additive, propellant, solvent, and pharmaceutical precursor͒ at the rate of over 10 6 lb per year in the United States alone. Electron attachment reactions for nitroethane have been reported previously in three low pressure studies, where only dissociative electron attachment was observed. [1] [2] [3] While all three studies reported the observation of NO 2 − , O − , OH − , CN − , and CNO − fragment anions, the C 2 H 3 NO 2 − anion was observed in two of these studies, 1, 3 and the CH 2 NO 2 − fragment was recorded in one of them. 2 Also of interest, Pelc et al. 1 reported the formation of HCN − and NO − . Calculations by Pacansky et al. 4 predict that the valence electron affinity for HCN is negative ͑ϳ−1.95 eV͒, thus we suggest that the HCN − observed in the experimental study by Pelc et al. 1 can be attributed to either the formation of a long-lived anion with poor Franck-Condon overlap with the ground state, or the formation of a dipole bound anion. 5 The latter possibility seems to be the more reasonable option since the calculations 4 also show that HCN − is bent ͑ϳ121.7°͒ and extended in bond length relative to HCN.
Low energy electron scattering has also been examined for the series, nitromethane, nitroethane, and nitrobenzene. 6 The dipole moments for CH 3 NO 2 , C 2 H 5 NO 2 , and C 6 H 5 NO 2 are 3.46, 3.23, and 4.22 D, respectively. Absolute total integral and total backward-scattering cross sections for these molecules were compared to predictions by the Born pointdipole approximation for the rotationally inelastic scattering cross section for polar molecules. Large cross sections are seen for CH 3 NO 2 and C 2 H 5 NO 2 , although these monotonically decrease with increasing electron energy above zero. The experimental cross sections generally agree with theory founded on the Born model, however, the Born model significantly underestimates the backward-scattering cross section. The cross section for nitrobenzene shows a pronounced "dip" in the total integral scattering cross section at energies less than ϳ200 meV and centered at ϳ100 meV, although this feature does not appear in the backward-scattering cross section. The feature may be due to an interference of a temporary negative ion state with the continuum. In those studies, the total scattering cross section includes both the nondissociative and dissociative attachment cross sections. Later reference will be made to this study in the calculation of the autodetachment lifetimes for CH 3 NO 2 − * and C 2 H 5 NO 2 formed under low energy unimolecular electron attachment conditions. Both nitromethane 7 and nitrobenzene 8 are well known to capture slow electrons to form negative ions through nuclear excited Feschbach resonances. Nondissociative electron attachment to nitrobenzene forms long-lived negative ions, which can be observed in a mass spectrometer with an autodetachment lifetime originally reported to be 40 s, 8 although later more precise measurements gave 17.5 s.
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Nitromethane attaches electrons with a lifetime below a few microseconds and its anion is not observed in mass spectrometers under low pressure conditions. We postulate that the same situation holds for the nitroethane molecule. Thermal electron attachment to nitromethane has been attributed to three-body collisional stabilization in a swarm experiment 7 consistent with the Bloch-Bradbury mechanism.
C 2 H 5 NO 2 − ions formed in the photoelectron spectroscopy ͑PES͒ as well as in the Rydberg electron transfer ͑RET͒ experiments reported herein are also postulated to be stabilized by collisions and relaxed to low internal energy. In the PES experiments, the background gas provides the third body whereas in the RET experiments the Rb + ion core provides the collisional relaxation mechanism.
Rydberg charge transfer reactions with nitromethane and nitrobenzene have been reported. 10, 11 Both valence and dipole bound anions 12 are observed under RET reactions. The results of these experiments suggested that the transfer of a Rydberg electron into a dipole bound anion acts as a "doorway" state to the more stable valence anion state. The anion shows a superposition of a dipole-valence bound electron, in which the system spends most of its time in the valence anion configuration until collisions or radiation remove vibrational excitation in order to further stabilize the anion. One of us has performed high level ab initio calculations which support the idea that the dipole bound state can provide an efficient doorway for attachment into the valence state. 13 In the RET experiments reported previously for nitromethane 10, 11 and to be reported herein for nitroethane, the ion core stabilizes ͑i.e., removes rovibrational energy͒ the anion allowing it to become long lived or stable. Herein, we present experimental and theoretical adiabatic electron affinities and vertical detachement energies, respectively, for the neutral and anionic forms of nitroethane and its clusters. We then use these energetic quantities to extract stepwise solvation energies for adjacent cluster sizes and as input into algorithms to determine the lifetime for the anions of nitroethane, nitrobenzene, and nitromethane. Comparisons of the autodetachment lifetimes are made between nitroethane, nitromethane, nitrobenzene, and deuterated nitrobenzene anions formed from thermal electron attachment. In addition, RET reactions with nitroethane are reported, which provides evidence for electron transfer into both dipole-bound and valence-bound anion states. The data demonstrate new features of the dipole-valence anion RET spectra which were also present in our previous study of nitromethane, but not commented upon, namely, a pronounced Rydberg angular momentum ᐉ dependence on the distribution of n * leading to anion formation.
II. METHODS

A. Photoelectron spectroscopy
Negative ion PES was used to measure the electron affinities and vertical detachment energies ͑VDEs͒ of ͑C 2 H 5 NO 2 ͒ n , n =1-5 and their anions, respectively. Anion PES is conducted by crossing a mass-selected beam of negative ions with a fixed-frequency photon beam and energyanalyzing the resultant photodetached electrons. The photodetachment process is governed by the relationship
where h is the photon energy, EBE is the electron binding energy, and EKE is the electron kinetic energy. Essentially, the photon energy is subdivided into the transition energy needed to take the anion to a particular vibronic state of its neutral counterpart, i.e., EBE, and the kinetic energy of the electron, i.e., EKE. Since photodetachment is an instantaneous process, the Franck-Condon overlap of the anion and neutral wavefunctions is reflected in the VDE. The VDE is the EBE of the maximum in the broadened photoelectron spectral profile, and as such, it is a well-defined quantity.
When there is good Franck-Condon overlap between the lowest vibrational level of the anion ͑vЉ͒ and the lowest vibrational level of its corresponding neutral ͑vЈ͒, the photoelectron spectrum also provides information about the adiabatic ͑thermodynamic͒ electron affinity of the neutral species. When the spectral profile is vibrationally resolved, an assignment of the spectrum can identify the vЉ =0→ vЈ = 0 transition. For this transition, its EBE value is equal to the adiabatic electron affinity ͑EA a ͒. When the profile is unresolved, however, the determination of EA a is more approximate. If the anions were to be cold, i.e., if only vЉ =0 were occupied, then the low EBE threshold value of the spectrum would equal the EA a value. However, since anions are often generated at significant temperatures, the first few vibrational levels of the anions may also be occupied, leading to some photoelectron intensity at EBE values less than that corresponding to the EA a , i.e., due to hot bands.
The apparatus used in this work consists of a source for generating anions, a magnetic sector for mass analysis and mass selection, an argon ion laser operated intracavity as the photon source, and a hemispherical electron energy analyzer. The mass analyzer/selector has a mass resolution of ϳ500, and the electron energy analyzer has a resolution of 28 meV. All photoelectron spectra reported here were recorded with 2.540 eV photons and calibrated against the photoelectron spectrum of O − . 14 The apparatus has been described previously. 15 Nitroethane and its homogeneous cluster anions were generated in a supersonic expansion nozzle-ion source which was biased at −500 V. Nitroethane was placed inside the stagnation chamber of the source and was coexpanded with argon ͓35 psi ͑gauge͔͒ through a 17 m orifice into vacuum. Negative ions were formed by injecting electrons from a biased filament into the expanding jet, where a microplasma was formed with the help of an external magnetic field. Negative ions were then extracted into the beam line of the apparatus and subsequently mass selected so that the anions of interest could be photodetached. Homogeneous molecular and cluster anions, ͑C 2 H 5 NO 2 ͒ n − , n =1-8, were observed, but only ions with n =1-5 were formed in sufficient abundance for the PES experiments.
B. Rydberg electron transfer
The experimental arrangement used to study RET to nitroethane is essentially identical to that employed previously. 11, 16 Briefly, light from a Nd:YAG ͑yttrium aluminum garnet͒ ͑Continuum Powerlite͒ laser pumped dye laser ͑Quanta Ray PDL-2͒ is directed antiparallel along an atomic beam of rubidium atoms. The dye laser is used to excite the rubidium atoms to n s and n d states using nonresonant twophoton absorption. The excited Rydberg atom beam is crossed with a pulsed nozzle jet ͑RM Jordan PSV model C-211͒ containing nitroethane and argon situated between the plates of a time-of-flight mass spectrometer ͑TOF-MS͒. The rubidium source was held at ϳ170°C and is housed in a separate chamber ϳ30 cm from the ion source region. The rubidium source, nozzle source, and TOF-MS flight tube regions are all separately pumped by three turbomolecular pumps. The negative ions formed during an interaction time of ϳ2 s are pulsed down the flight tube of a 1 m TOF-MS. The ions were detected with a electron multiplier employing three channel plates each having ϳ900 V applied across them and displayed on a LeCroy digital oscilloscope and averaged by a boxcar averager ͑Stanford Research Systems, model SR250͒. The data were recorded and treated by a data acquisition computer program written in LABVIEW. The nitroethane sample was purchased from Sigma-Aldrich Chemical and was used without purification.
C. Ab initio methods
As a complement to the experimental work, the electron binding properties of nitroethane, nitromethane, and the nitromethane dimer were also investigated computationally. Three sets of ab initio calculations were performed. First, the VDE and adiabatic electron affinity ͑EA a ͒ associated with the valence states of nitromethane and nitroethane were computed using second-order Moeller-Plesset perturbation theory ͑MP2͒ and coupled cluster theory with single and double substitutions ͑CCSD͒ as well as CCSD with a perturbation correction for triple substitutions ͓CCSD͑T͔͒. Using these methods, the VDE and EA a are computed as the difference of the total energies of neutral and anion. The basis sets used in these calculations were Dunning's augmented correlation-consistent double-and triple-sets ͑aug-ccpVDZ and aug-cc-pVTZ͒, 17 and the geometries and vibrational frequencies were computed with the MP2 method using the aug-cc-pVDZ basis. Second, the vertical electron affinity ͑VEA͒ values of nitromethane and nitroethane, that is the EBEs associated with the dipole-bound anion states, have been computed using the same ⌬-methods as described above. Moreover these VEA values have been computed directly using the Koopmans's theorem ͑KT͒ approximation and the equation-of-motion CCSD ͑EOM-CCSD͒ methods. The electron density associated with the dipole-bound state is very diffuse, and to compute the VEA the aug-cc-pVDZ set was augmented with a 5s5p5d basis set centered at the carbon atom attached to the nitro group. This basis set was created by adding first sp sets and then d sets to the aug-ccpVDZ set ͑even-tempered exponents starting from the smallest respective exponents of the aug-cc-pVDZ set, scaling factor of 3.5͒, until the computed electron affinity was converged. Third, the VDE and EA a values of the nitromethane dimer were studied. For these calculations, the geometries of monomers and dimers were optimized at the MP2 level using Pople's 6-31+ G ** basis set, 18 and at the optimized geometries the energy was recomputed using the aug-cc-pVDZ set. Core electrons were not frozen in any of the calculations, and for all calculations the Mainz-AustinBudapest version of the ACES II code 19 was used.
III. EXPERIMENTAL RESULTS
The photoelectron spectra of the valence anion of nitroethane and its homogeneous cluster anions are shown in Fig. 1 . The spectrum for the monomer anion exhibits a maxi- 
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Negative ions of nitroethane and its clusters J. Chem. Phys. 129, 064308 ͑2008͒ mum at 0.92 eV and a threshold at ϳ0.2 eV. Thus, the VDE value of the nitroethane anion is 0.92 eV. While there is the suggestion of weak vibrational structure in the spectrum, an expanded view of the threshold region fails to reveal a clear peak for assignment to a 0 ← 0 transition. Based on the location of its threshold and patterns typical of anion photoelectron spectral profiles, we assign its adiabatic electron affinity ͑EA a ͒ value as lying in the vicinity of 0.2-0.4 or 0.3Ϯ 0.2 eV. The spectra for the nitroethane cluster anions similarly exhibit little discernible vibrational structure and thus the same assignment procedure applies to the electron affinities of these clusters. The nitroethane cluster anions form stable singly charged anions with increasing EBEs ͑electron affinities of their neutral counterparts͒ with increasing numbers of molecules per cluster. The adiabatic electron affinities ͑EA a ͒ and VDE derived from these spectra are summarized in Table I . Generally, the extracted VDE values are more reliable than the extracted EA a values. Figure 2͑a͒ shows the RET ion signal for the nitroethane negative ion as a function of the effective principle quantum number for both the n s and n d series. Unlike other RET spectra reported previously ͑see, e.g., Ref. 16͒, this plot demonstrates that the n s and n d profiles are distinctly different, with the s states peaking at a lower n * . 11, 16 A similar dependence was evident in the previous study 11 of nitromethane as well as in a follow-up report 20 but was not commented upon. The
Rydberg charge exchange spectrum for nitroethane also extends over a much wider range of n * than other RET dipole anion spectra. The RET spectra extends to very high n * as would be expected for attachment into the valence anion state; however, the peak at low n * is also very much broader than previously observed for pure dipole anion formation ͑i.e., for cases in which there is no lower lying valence anion state͒. The dynamic coupling of the dipole and valence anion is clearly affecting the observed n dependence of the RET. In the absence of the lower-lying valence state, anions formed in higher rotational states, which were present in the initially formed dipole bound anions, will autodetach before they can be detected. However, rapid dipole-valence anion coupling could act to stabilize the system through intermolecular charge transfer. The dipole-bound electron affinities ͑EA a ͒ for a large number of polar molecules has been estimated ͒, where n max * represents the effective quantum corresponding to the maximum in the RET spectra. 21 Using this simple model, and making the assumption that the valence state does not perturb this analysis, we obtain EA a values of 28.47 and 25.28 meV, for the n s and n d profiles, respectively. Similar values were found from the n s and n d profiles for RET of nitromethane. These values are somewhat higher than those from previously reported studies 11, 20 due to their inclusion of the n f series which gives a higher n max * than the s or d states and thus a lower electron affinity. However, the broad n * observed and the marked ᐉ dependence places these analysis into uncertainty.
RET spectra were also recorded for the nitroethane dimer and is shown in Fig. 2͑b͒ . One notes a steady increase of dimer ion RET signal as the principal quantum number increases. This is indicative of low-energy electron attachment into a valence bound anion via capture into a nuclear excited Feshbach resonance. In this case, the increased density of vibrational states along with the larger electron affinity may allow for a long-lived negative ion state, which does not require vibrational relaxation via interactions with the Rydberg ion core as in the case of the monomer.
For comparison, we have briefly re-examined RET for the nitromethane monomer and nitromethane dimer and the results are shown in Fig. 3 . There is a clear dependence of the RET cross section on the angular momentum state of the Rydberg electron, with the peak occurring at larger n * for the n d Rydberg series. The dimer cross section shows a steady rise with increasing n * , however, there is a hint of a peak in the region of n * where the RET for the monomer peaks ͑n * ϳ 12͒. If real, it could be considered to be the result of a short range interaction of the Rydberg excited atom with the local dipole field of one of the nitromethane molecules making up the dimer. The RET spectra for nitroethane and nitromethane and their dimers are similar.
IV. AB INITIO RESULTS
In this section, electron attachment to nitromethane, nitroethane, and nitromethane clusters is studied theoretically. Both nitromethane and nitroethane can attach an electron in two fundamentally different states. First, both molecules have substantial dipole-moments, and can attach an electron into a diffuse dipole-bound state. Second, both molecules can bind an electron into a far more compact valence state mainly associated with attachment to the nitro group. At the geometry of the neutral molecules, only the dipole-bound states are stable, whereas the valence states correspond to metastable resonance states. However, the valence state is strongly stabilized when the planar nitro group of the neutrals is pyramidalized, and at the geometry of the valence anion the VDE associated with the valence state is substantial.
Computational results for the VEA associated with the dipole-bound states, and for the VDE and the EA a associated with the valence states of nitromethane and nitroethane are Tables II and III . Before discussing the results in detail, let us point out the striking similarity of the electron attachment properties of nitromethane and nitroethane. At all levels of theory, the two molecules are predicted to possess virtually identical VEAs, VDEs, and EA a s. That is, we can conclude that the electron attachment properties of the two molecules are dominated by the nitro group, while the effect of the organic side chain is minor. The VEA of the two molecules is the EBE associated with the dipole-bound state, and it is essentially determined by the dipole moment of the neutral framework. Both molecules have dipole moments of about 3.5 D ͑Table II͒. The experimental and calculated values for the dipole moments agree very nicely for nitromethane, while for nitroethane the agreement is somewhat less satisfactory. In particular, the experimental trend is that nitroethane has a somewhat smaller dipole moment than nitromethane, whereas the computed trend predicts the opposite. Be this as it may, the difference of the two dipole moments is small, and the computations predict that both molecules posses a dipole-bound state with a binding energy of roughly 8 meV at the CCSD͑T͒ level ͑Table II͒, which is presumably our best result. As expected for a dipole-bound state, including highorder electron correlation beyond MP2 is vital for describing the distribution of the loosely bound excess electron. 25 Comparing the two molecules, the VDE of nitromethane is predicted to be slightly larger than that of nitroethane ͑by about 1 meV͒, despite the opposite trend in the computed dipole moments. This trend of the binding energies can be interpreted in terms of an excluded volume effect. Loosely speaking, the excess electron preferably occupies the space close to the positive end of the molecular dipole, however, for nitroethane, this space is partly blocked by the additional methyl group resulting in a slightly smaller VEA.
In the valence state of both anions, the nitro group has a trigonal-pyramidal geometry. The nitromethane anion has a staggered geometry with C s symmetry, and the nitromethane anion has two staggered conformers with C s and C 1 symmetry, respectively, where the C 1 symmetrical conformer ͓Fig. 4͑a͔͒ is slightly lower in energy ͑⌬E Ͻ 20 meV at the MP2 level͒. The computed values in Table III all refer to the more stable C 1 conformer shown in Fig. 4͑a͒ . Regarding the VDE and EA a values listed in Table III , three comments are in order. First, high-order electron-correlation effects are again crucial as the ⌬SCF and ⌬MP2 results noticeably deviate from the ⌬CCSD͑T͒ values, and the same is true for B3LYP calculations. Second, more flexible basis sets recover more electron correlation, and therefore the computed VDE tends to increase somewhat when more flexible basis sets are employed. Interestingly, for the EA a this basis set effect is tiny. Third, the results for nitromethane and nitroethane are virtually identical. Thus, based on the CCSD͑T͒ result obtained with the aug-cc-pVTZ basis set, we predict for both molecules a VDE of about 1.0 eV, and for the EA a a small positive value of about 50 meV. Taking vibrational zeropoint effects computed within the harmonic approximation at the MP2 level into account, the EA a is increased by about 70 meV for nitromethane and by about 80 meV for nitroethane. Thus, we predict an EA a value between 0.1 and 0.2 eV for both molecules. In order to make the terms "diffuse dipole-bound state" and "compact valence state" more transparent, the orbitals associated with the excess electron in the dipole-bound and valence states are compared in Figs. 5͑a͒ and 5͑b͒. Of course, the very notion of an orbital for the excess electron exists only at the one-electron level, but it is nevertheless instructive to consider. For the dipole-bound state, electron correlation effects have a dramatic influence on the distribution on the excess electron, and thus the natural orbital of the EOM-CCSD density associated with the excess electron ͑occupa-tion number close to 1͒ is depicted ͓Fig. 5͑a͔͒. In contrast, for the valence anion the singly occupied Hartree-Fock orbital is expected to give an acceptable description of the density, and it is shown in Fig. 5͑b͒ . As can be seen in the figures, for the valence anion the isosurface enclosing 90% of the electron density has the same spatial extent as the molecule itself, and integrating the density is enclosed in the volume defined by the van der Waals radii of the atoms yields 95%. Thus, in the valence state, the excess electron is localized on the molecular framework similar to usual valence electrons. In contrast, the 90% contour of the dipolebound electron dwarfs the molecule, and less than 0.5% of the density is enclosed in the van der Waals volume of the atoms. Thus, the dipole-bound state has essentially Rydberglike character with almost negligible amounts of density close to the molecular framework.
Finally, we consider dimer anions. Since nitromethane and nitroethane have practically identical electron attachment properties, for computational practicability, we investigated the nitromethane dimer anions. For other dimer anions including ͑CO 2 ͒ 2 − , ͑COS͒ 2 − , ͑CS 2 ͒ − , and ͑H 3 CCN͒ 2 − , it is well established that valence anions exist in two forms. Type-I anions that consist of a monomer anion solvated by a neutral monomer, and type-II anions that consist of dimer anions, that is, there is a chemical bond between the monomer units and the dimer anion is a new chemical species. [26] [27] [28] We searched for both types of anion for nitromethane, but could only find a type-I structure that is shown in Fig. 4͑b͒ . Using geometries optimized at the MP2 / 6-31+ G ** level, and energies evaluated at the MP2/aug-cc-pVDZ level, the dissociation energy of the dimer anion is predicted to be 0.87 eV. At the same level, the increase in VDE in going from the monomer to the dimer anion is predicted to be 0.76 eV.
Thus, from the best VDE, we have for the monomer and the computed VDE change between monomer and dimer, we can predict a VDE of about 1.8 eV for the nitromethane dimer anion. For the nitroethane dimer, the stabilization provided by the solvating monomer may be somewhat different, but should have the same order of magnitude.
V. DISCUSSION AND CONCLUSIONS
Electron attachment properties of the nitroethane molecule and nitroethane clusters have been investigated using FIG. 5 . ͑a͒ Distribution of the excess electron in the dipole-bound state of the nitromethane anion. Two isosurface of the EOM-CCSD natural orbital describing the excess electron are shown. The outer isocontour encloses 90%, the inner iso-surface encloses 50% of the electron density. Both isosurface dwarf the molecular framework, the atoms are colored as in Fig. 4͑a͒ . ͑b͒ Distribution of the excess electron in the valence state of the nitromethane anion. The isosurface of the singly occupied Hartree-Fock orbital enclosing 90% of the electron density is shown, and the atoms are colored as in Fig. 4͑a͒ .
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Negative ions of nitroethane and its clusters J. Chem. Phys. 129, 064308 ͑2008͒ PES, RET, and ab initio computations. RET addresses the VEA associated with the dipole bound state of the molecules. Both the experimental and theoretical results show that nitroethane behaves similarly to nitromethane. In both cases, RET is most efficient in the same n * region between n * = 10 and n * = 15, with RET from s states peaking at n * =11 and RET from d states peaking at n * = 12. The same similarity between the two molecules is found in high level ab initio calculations that predict VEAs of about 8 meV for both molecules. However, the ab initio results are at odds with the VEA derived from the RET spectra using a one-dimensional curve crossing model. PES yields the VDE and an estimate for the EA a associated with the valence state of the nitroethane anion. The computed VDE value of 0.88 eV ͑at the highest level of theory employed͒ is in good agreement with the peak maximum ͑and thus the VDE͒ of 0.92Ϯ 0.1 eV in the photoelectron spectrum of nitroethane. For the VDE of the nitroethane dimer anion, theory predicts 1.8 eV, whereas experiment finds 1.6 eV. The computed values of VDE for nitromethane also agree well with the experimental VDE values reported in Ref. 11 . While there is more uncertainty in our experimental EA a value of 0.3Ϯ 0.2 eV for nitroethane, it too is in satisfactory agreement with our calculations which suggest an EA a value between 0.1 and 0.2 eV.
Apart from the electron attachment properties of the nitroethane monomer, the experimental results provide information on the microsolvation in nitroethane clusters. Both the PES experiments and the ab initio calculations suggest that the observed cluster anions are so-called type-I clusters, that is, the excess electron is attached to a single monomer unit and the other nitroethane molecules solvate this anion. The shifts between the photoelectron spectra of adjacent size, nitroethane cluster anions can then be used to extract stepwise ͑sequential͒ nitroethane anion-molecule interaction energies.
In general, energetic relationships between solvated cluster anions, X − ͑Y͒ n , and their corresponding neutrals, X͑Y͒ n , allows one to relate electron affinities, ion-neutral dissociation energies, and neutral-neutral dissociation energies via the identities:
and
where EA͓X͑Y͒ n ͔ is the adiabatic electron affinity of X͑Y͒ n , D͓X − ͑Y͒ n−1 ... .Y͔ is the ion-neutral dissociation energy for the loss of a single solvent molecule, Y, from the cluster anion, X − ͑Y͒ n , and D WB ͓X͑Y͒ n− ... .Y͔ is the analogous neutral cluster, weak bond, dissociation energy for the loss of a single solvent molecule, Y, from the neutral cluster, X͑Y͒ n . It is evident from Eq. ͑2͒ that electron affinities should increase with cluster size as additional solvent molecules stabilize the excess charge on the anion. The stepwise ͑sequential͒ solvation ͑stabilization͒ energy, SE step , for X − ͑Y͒ n−1 gaining another Y solvent molecule is −D͓X − ͑Y͒ n−1 ... .Y͔. Such incremental solvation stabilization energies typically diminish as the number of solvent molecules increases.
In the case of nitroethane cluster anions, the photoelectron spectral profile of the molecular anion, C 2 which are also included in Table IV along with those reported in our earlier study. 11 For both nitroethane and nitromethane, the stepwise solvation energies determined by the two studies are in reasonable agreement for the two smallest, n −1→ n comparisons that were available. Our calculation's prediction of ϳ0.8 eV for the dissociation energy of the nitroethane dimer anion is in reasonable accord with our experimentally derived SE step value of 0.6 eV. The size of the combined error bars made impractical the extraction of neutral-neutral interaction energies based on a comparison of two studies.
Finally, we examine the question of the lifetime of negative ions formed by unimolecular electron attachment for relatively small molecules ͑e.g., nitromethane and nitroethane͒ and estimate lifetimes in the range of 10 −6 -10 −9 s. The nitroethane and nitromethane negative ions studied using PES were produced by slow electron attachment into a short-lived C 2 H 2 NO 2 − * nuclear excited Feshbach resonance.
Collisions with other molecules remove sufficient internal energy ͑vibrational quanta͒ leading to stable negative ions. Subsequent collisions relax the anions to roughly ϳ300 K internal rovibrational energy. A comparison of the lifetimes of these three nitrocompounds provides interesting insight into negative ion lifetimes and their importance in mass spectrometry. In order to estimate the lifetimes of nitroethane, nitromethane, nitrobenzene and d-nitrobenzene negative ions formed by slow electron attachment, we utilized the quasiequilibrium theory ͑QET͒ arguments introduced by Compton et al. 8 and Klots 29 in which detailed balancing is used to relate the electron attachment rate and autodetachment rate. In its simplest embodiment the autodetachment lifetime for attachment of electrons with velocity v for an attachment cross section ͑v͒ is given by
where ͑E * ͒ − / em is the ratio of densities of states of the negative ion having a total energy E * to that of the density of states for the initial electron-molecule system. E * is the excess vibrational energy of the negative ion ͑electron affinity plus incident electron energy plus any initial vibrational energy in the neutral before attachment͒. Effects of rotational motion are not addressed in this treatment and all vibrations are considered to be effective ͑equipartition of energy͒. The density of states for the negative ion, ͑E * ͒ − , is calculated by a modified version of the Marcus-Rice QET expression proposed by Whitten and Rabinovitch. 30 Calculation of the autodetachment lifetime for a vibrationally excited negative ion requires knowledge of the vibrational frequencies of the neutral and anion, attachment cross section and adiabatic electron affinity. Frequencies of neutral and negative ions for nitroethane, nitromethane, nitrobenzene and d-nitrobenzene were calculated using Density Functional Theory and aug-cc-pVDZ basis set using the GAUSSIAN-G03 package. 31 Experimental values of electron affinities are used in the calculations. The calculated lifetime is quite sensitive to the adiabatic electron affinity, therefore in case of nitroethane we have attempted to calculate the lifetime for three different electron affinities ͑calculated and experimental values͒ as shown in Table V . Absolute cross sections for associative electron attachment are available for nitrobenzene. 8 However, there are no values of cross sections for nitroethane and nitromethane, thus we use the nitrobenzene cross section for all of our calculations. In this context, Lunt et al. 6 suggest that the total cross sections for all of these molecules are approximately the same providing some support for the assumed cross sections. Table V shows the lifetimes predicted for the negative ions based upon the simple QET ͓Eq. ͑4͔͒. One notes very long lifetimes for nitrobenzene due to the larger electron affinity and greater number of degrees of freedom. The calculated lifetime exceeds the experimental value. This appears to be the situation for many long-lived negative ions previously reported ͑see Refs. 32 and 33͒. However, there are many other molecules for which QET and experiment are in agreement. Lifetimes of negative ions have been addressed in a recent study by Cannon et al. 32 and in a review by Mirsaleh-Kohan et al. 33 As found for the case of nitrobenzene and other anions, the measured lifetimes can be somewhat shorter than that calculated from QET. However, it is interesting to note that the QET theory does qualitatively agree with the isotope effect previously reported on the autodetachment lifetime 9 for nitrobenzene and deuterated nitrobenzene. The important subject of negative ion lifetimes is in need of considerably more experimental and theoretical attention. It is quite possible that QET does not apply in all cases and some vibrations are "silent" in electron attachment.
The lifetimes predicted for nitroethane and nitromethane are much too short lived to be seen in a mass spectrometer due solely to unimolecular electron attachment which is in accord with experimental observations. The ions studied in the photodetachment experiments reported herein are a result of collisional stabilization ͑vibrational cooling͒ of these short lived anions. The small electron affinity found for nitroethane presents an interesting problem in the description of the autodetachment lifetime assuming QET. The electron affinity is smaller than some of the vibrational frequencies predicted for the nitroethane anion and these frequencies would Table V may be too large as a result of the small adiabatic electron affinity predicted for nitroethane. Specifically, we note that some of the vibrational energies for this anion may be smaller than the electron affinity reported or calculated for nitroethane. For example, if the lower limit value of 0.14 eV ͑also the calculated value͒ is adapted for the electron affinity for nitroethane, then 13 of the vibrational energies are greater than the electron affinity. In this case these frequencies should not be counted in the density of states since they cannot be excited under electron attachment. In this case the lifetime will be decreased considerably below that expected from QET in which all of the degrees of freedom are assumed to be effective.
